An analysis of the turnover of the major phospholipids of Micrococcus cerificans growing or nongrowing cultures. The turnover rates of "4C-PE and "4C-PE were 61.5% of the total phospholipid, exhibited no significant rate of turnover in either growing or nongrowing cultures. The turnover rates of PE-"4C and PE-32P were 3.2% per hr and 1.2% per hr, respectively. Phosphatidylglycerol (PG) exhibited a turnover rate of 11% and 7.7% per hr for "4C and 32p, respectively, indicating an extremely slow metabolism. PG metabolism was examined in greater detail, and the data indicated a preferential 75% incorporation of glycerol-1,3-"4C into the unacylated portion of the PG molecule. The turnover of cardiolipin (CL) was extremely slow in growing cells whereas nongrowing cells exhibited a 30% and 36% increase per hr for "4C-CL and "4C-CL, respectively. Glycerol-1,3-"4C was not converted to phospholipid fatty acid carbon; all radioactivity appeared only in the water-soluble backbone of the phospholipids. The kinetics of assimilation of hexadecane-J-"4C into cellular lipids is presented. Radioactivity in neutral lipid increased approximately sevenfold over the growth cycle, whereas radioactivity in phospholipid increased 50-fold during the same time period. The incorporation of radioactive fatty acids derived from the direct oxidation of hexadecane-I-"4C demonstrated differential kinetics of assimilation into PE, PG, and CL. The results indicated a rapid turnover of phospholipid fatty acids in M. ceriflcans growing at the expense of hexadecane.
Little information is available concerning phospholipid metabolism in those microorganisms capable of hydrocarbon assimilation. A previous report characterized the phospholipid composition of Micrococcus cerificans grown at the expense of long-chain n-alkanes and described the tentative biosynthetic pathway for these phospholipids (II).
In current membrane models, lipid forms an integral part of a protein-lipid network for which a fundamental structural role is attributed to phospholipids (10) . Natural membranes have been observed to be metabolically dynamic entities with the phospholipids contributing to the dynamic character of such processes as active transport of cations (1, 5, 14) and mitochondrial function (3, 4, 7) . Phospholipids as metabolically active constituents of membranes have been studied with respect to turnover of phospholipids (18) , polar end-group conversions (8, 12, 17) , and phospholipid fatty acyltransferase activities (6, 17) .
Most proponents believe that interactions of lipids and proteins within membranes give these biointerphases their characteristic and vital prop- erties. These lipid-lipid and lipid-protein interactions provide a hydrophobic environment for certain processes that would not occur under more hydrophilic conditions. The role of lipid metabolism, therefore, becomes particularly germane to hydrocarbon assimilation. A relationship between phospholipid biosynthesis and hydrocarbon oxidation has already been suggested (I 1) . Two basic questions proposed at the onset of this work were as follows: (i) Do membrane phospholipids exhibit specific turnover properties that correlate with alkane oxidation? (ii) What relationships exist between cellular lipid composition and hydrocarbon assimilatory processes? These studies detail answers to certain aspects of the problem in addition to implicating heretofore unrecognized relationships.
MATERIALS AND METHODS
A description of culture conditions, extraction of lipids, thin-layer chromatography, and silicic acid column chromatography has been reported (I1).
Recovery of phospbolipids. Phospholipids were recovered from silica gel thin-layer plates after one-dimensional development in chloroform-methanol-glacial 806 acetic acid (65:25:8, v/v/v). The silica gel area containing each phospholipid was removed and successively extracted with five volumes of chloroform-methanol (1:1, v/v) and five volumes of methanol, each solvent system containing 2% water. The solutions were filtered through glass wool and partitioned with 0.3% NaCl, and the sample was reduced to dryness under nitrogen. Purified phospholipids were dissolved in chloroform for subsequent analyses.
Acid hydrolysis of lipids and paper chromatography of water-soluble products. Phosphatidylethanolamine (PE) was hydrolyzed for 12 hr in 3 N HCI at 100 C in sealed glass ampoules. The water-soluble products, ethanolamine-hydrochloride and a-glycerophosphate, were obtained by evaporation of the aqueous phase after ether extraction. Ascending paper chromatography on Whatman no. I filter paper employing ethanol-acetic acid-water (90:5:5, v/v/v) as the solvent system was used to separate these hydrolysis products. Co-chromatography with known standards established chromatographic identity. Ethanolamine-hydrochloride was revealed with 0.2% ninhydrin in acetone, and a-glycerophosphate was revealed by the phosphate reagent of Wade and Morgan (as described in reference I1).
Deacylation of phospbolipids. Mild alkaline methanolysis was performed by a modification of the procedure of White (16) . The phospholipid was dissolved in I ml of anhydrous methanol-toluene (1:1, v/v), and I ml of freshly prepared 0.2 M methanolic KOH was added. The sample was held for 2 hr at 4 C, after which the solvents were removed by nitrogen evaporation. The sample was suspended in acidified distilled water (15% HCI) and exhaustively extracted with ether.
Materials. Carrier-free 32P-orthophosphate and glycerol-1,3-14C (specific activity, 12 
RESULTS
Pbospholipid turnover-growing cells. The decrease of radioactivity from phospholipids after a period of growth in 14C and 32P offers a measure of phospholipid metabolism during bacterial growth. M. cerificans was grown for 2 hr in the presence of I mCi of H332P04 and 25 ACi of glycerol-l,3-14C with hexadecane as the sole carbon and energy source. The cells were harvested by centrifugation, washed with basal growth medium minus requisite salt amendments (MgSO4, CaCl2, FeSO4), and suspended in complete growth medium with hexadecane as the carbon source. Samples (60 ml) were removed at time zero and at hourly intervals for 5 hr, they were extracted with chloroform-methanol at a ratio of 2:1:0.2 (v/v/v) yielding a monophasic system, and the phospholipids were separated as previously described (11) . Phosphorus analyses on the crude lipid samples verified that phospholipid synthesis occurred during growth (Fig. IA) .
The turnover of crude lipid radioactivity (Fig.  IB) indicated a slow metabolism of the cellular phospholipids. The turnover of "4C-glycerol is faster than the turnover of 32P (30% for 14C and 20% for 32p) over the 5-hr incubation. Although the amount of phospholipid tripled during this period, the slow turnover rate of crude lipid radioactivity indicates that the cellular phospholipids are stable.
The phospholipids present as predominant species, i.e., PE, phosphatidylglycerol (PG), and cardiolipin (CL), were isolated by thin-layer chromatography, and each sample was analyzed for 14C and 32P. Figure IC shows a 16% and 6% decrease of 14C and 32P, respectively, in PE over the 5-hr growth period. Turnover data for PG (Fig. I D) The turnover of 14C and 32p from the crude lipid fractions is shown in Fig. 2B . An initial decrease in 14C and 32P was observed for the first 2 hr, followed by an increase to the initial level. The individual phospholipids, PE, PG, and CL, were purified and their turnover kinetics were examined. PE did not exhibit turnover of either 14C and 32P throughout the 5-hr incubation, indicating this phospholipid to be stable under these conditions (Fig. 2C) . PG, however, exhibited turnover kinetics similar to crude lipid, showing an initial decrease in both 14C and 32P and an increase to initial levels at later time points (Fig. 2D) . Analysis of CL showed a 150% increase of 14C in CL over the 5-hr incubation, whereas 32P increased 110% over 3 hr and then remained constant (Fig. 2E) . Two phasic system from which the crude lipid extract was obtained. A sample of crude lipid from each sample was assayed for radioactivity. Figure 3 shows the kinetics of incorporation of glycerol-1,3-14C label into crude lipid. A constant rate of incorporation was observed for the initial 10 min. This represents assimilation of 3.4% of available "4C-glycerol into phospholipid. The crude lipid extracts were fractionated into neutral lipid and phospholipid by silicic acid column chromatography. Less than 5% of the radioactivity was found in neutral lipids whereas the remainder of the 14C label from glycerol-1,3-14C was in the phospholipid fraction. Since the phospholipid fraction contained essentially all the "4C-label, further analysis was performed only with the phospholipids.
Analysis for incorporation kinetics of glycerol-1,3-14C into each individual phospholipid is shown in Fig. 4 (Table  3) . Phosphatidylserine (PS) never exceeded 1.6% of the total phospholipid radioactivity, whereas radioactivity contained in PE was 41% of the total at 2 hr and increased to 63% at 8 hr. PE exhibited the greatest change among the phospholipids, with the exception of CL, which decreased from 25.9% (2 hr) to 6.4% (12 hr Figure 5 shows the distribution of radioactivity into each of these derived moieties for PE, PG, and CL. PE contained 75% of its radioactivity in the fatty acids at 2 hr, increasing to 90% at 4 hr. The water-soluble glycerolphosphoryl ester did not exhibit significant radioactivity at any time point throughout the experiment. For radioactivity to appear in the water-soluble portion of the phospholipid molecule, extensive degradation and resynthesis of hexadecane carbon into requisite intermediates must occur. In experiments using terminally labeled substrates, the factor of metabolic dilution of carbon becomes of critical importance. Therefore, low labeling patterns may reflect either extensive turnover or minimal incorporation of relevant precursors into specific phospholipids.
The comparison of radioactivity distribution patterns of PE with PG and CL reveals a distinct difference. PG and CL exhibit extensive radioactivity labeling of the water-soluble backbone early in the time course, with radioactivity decreasing with time. The fatty acids comprising the makeup of PG and CL show an inverse labeling pattern to labeling of the water-soluble glycerolphosphoryl esters. DISCUSSION The purpose of these studies was to investigate a possible relationship between the metabolism of M. ceraficans phospholipids and hydrocarbon assimilation. The turnover kinetics of the major phospholipids were examined in context of defining a functional rather than structural role for individual phospholipids. Since total phospholipid was 50% higher in hydrocarbon-grown cells (I 1), it seemed reasonable that one or more phospholipid species would exhibit rapid turnover properties.
PE is the major component; it represents 61.5% of the total phospholipid and exhibited no significant rate of turnover in either growing or nongrowing cultures. The turnover rate of 14C-PE was 3.2% per hr and for 32P-PE it was 1.2% per hr (approximate doubling time, 60 min).
Ames showed similar results with Salmonella typhimurium (2) , and Kanfer and Kennedy with Escherichia coli B (9). White and Tucker reported that PE of Haemophilus parainfluenzae exhibited no turnover of the glycerol moiety, whereas the ethanolamine and phosphate moieties turn over more rapidly (17) .
PG exhibited a turnover rate of 11 Table 2 ). The percentage composition of free fatty acid in neutral lipid remained relatively constant in all samples. Phospholipid radioactivity increased 50-fold over the growth cycle, in addition to increasing in percentage of radioactivity. These results indirectly support our conclusions concerning a direct role for fatty acid metabolism in M. cenficans (Makula and Finnerty, submitted for publication).
Phospholipid fatty acid incorporation of radioactivity derived from hexadecane-1-54C oxidation demonstrated distinct differences between PE and PG-CL. PE was extensively labeled with fatty acids early in the growth cycle (2 hr). PG and CL fatty acid labeling patterns were initially low, increasing with growth. These data suggest rapid turnover properties for fatty acyl residues in M. ceraficans phospholipids. Data presented demonstrated that 98% of the phospholipid fatty acids from hexadecane-grown cells were 16 carbons. Since no lysophospholipids have been detected in M. cenficans (11) , an active acylase is implicated.
Initial objectives imposed at the outset of this study have been partially accomplished. The question of relevancy for membrane phospholipids in hydrocarbon oxidation remains unanswered. Structural relationships of fatty acids to hydrocarbon chain length suggest a functional correlation (submitted for publication). Current data presented demonstrate that the polar portions of M. cerificans are relatively stable whereas the apolar side chains appear to be metabolically labile. Further analyses are in progress detailing the turnover parameters of fatty acids in individual phospholipids with respect to positional specificity and structural changes.
Novel membrane properties appear characteristic of this microorganism. Enzymatic properties associated with these membranes become relevant to structure-function relationships. Membrane-bound enzymes demonstrated in M. cerificans are cytidine triphosphate: phosphatidic acid cytidyl transferase, a-glycerol phosphate-cytidine monophosphate-phosphatidyl transferase, Lserine-cytidine monophosphate-phosphatidyl transferase, phosphatidylserine decarboxylase, and phosphatidic acid phosphatase (W. R. Finnerty, American Chemical Society SE-SW Meeting, Dec. 1970, p. 31). Membrane fractionation plus further characterization of these enzymes offer probes into membrane structure and lipid involvement in membrane function.
